In cancer, genetically activated proto-oncogenes often induce ''upstream'' dependency on the activity of the mutant oncoprotein. Therapeutic inhibition of these activated oncoproteins can induce massive apoptosis of tumor cells, leading to sometimes dramatic tumor regressions in patients. The PI3K and MAPK signaling pathways are central regulators of oncogenic transformation and tumor maintenance. We hypothesized that upstream dependency engages either one of these pathways preferentially to induce ''downstream'' dependency. Therefore, we analyzed whether downstream pathway dependency segregates by genetic aberrations upstream in lung cancer cell lines. Here, we show by systematically linking drug response to genomic aberrations in non-small-cell lung cancer, as well as in cell lines of other tumor types and in a series of in vivo cancer models, that tumors with genetically activated receptor tyrosine kinases depend on PI3K signaling, whereas tumors with mutations in the RAS/RAF axis depend on MAPK signaling. However, efficacy of downstream pathway inhibition was limited by release of negative feedback loops on the reciprocal pathway. By contrast, combined blockade of both pathways was able to overcome the reciprocal pathway activation induced by inhibitor-mediated release of negative feedback loops and resulted in a significant increase in apoptosis and tumor shrinkage. Thus, by using a systematic chemo-genomics approach, we identify genetic lesions connected to PI3K and MAPK pathway activation and provide a rationale for combined inhibition of both pathways. Our findings may have implications for patient stratification in clinical trials.
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cancer genomics ͉ combination therapy ͉ high-throughput cell line screening ͉ oncogene dependency T he past decade has witnessed the advent of targeted cancer therapeutics targeting mutationally activated proto-oncogenes. When targeted to the right patient population, such approaches have proven efficacious with, sometimes dramatic, responses and improvement in survival (1) (2) (3) . Given the pace of the currently ongoing efforts to fully characterize cancer genomic aberrations, a comprehensive genetic compendium of all human cancers is within reach. Although initial studies suggested that most human tumors are dominated by an array of individual, or ''private'' mutations (4) , more recent studies imply that most human cancer genome aberrations converge on activation of a limited repertoire of ''downstream'' oncogenic signaling pathways (5) (6) (7) (8) . Importantly, among the most heavily affected oncogenic pathways were the PI3K and the MAPK signaling pathways. Thus, rather than providing therapeutic strategies for each individual mutation, targeting key modulators of downstream pathways appears increasingly attractive. Importantly, small synthetic molecules targeting these pathways have been developed and are currently undergoing clinical testing.
Previously, mutations in BRAF have been linked to downstream dependency on MEK (9), the kinase phosphorylating MAPK (or ERK), KRAS-mutant lung cancers depend on both PI3K and MAPK signaling (10) , and resistance to EGFR inhibition appears to involve mechanisms that maintain PI3K signaling (11, 12) . However, in the vast majority of the cases, the inhibition of either the PI3K or MAPK pathway alone is not sufficient to robustly induce tumor shrinkage (13) , in part explained through release of negative feedback loops resulting in the activation of the alternate pathway (14) (15) (16) (17) (18) . By contrast, studies analyzing combinations of pathway inhibitors showed favorable results (13, 14) . Thus, a genetically defined framework that would allow predicting which of these pathways is primarily affected and whether the combinatorial inhibition of both pathways is superior to single-agent treatment would greatly impact future clinical strategies in trials involving such therapeutics.
A major hurdle in the transition from preclinical drug discovery to clinical trials lies in the genomic diversity of human tumors and the lack of preclinical models that capture this diversity. Given the impact of genomic aberrations on therapeutic response, such mod-els are necessary to identify lesions connected to individual drug response. To overcome these limitations, we have recently collected a panel of 84 non-small-cell lung cancer (NSCLC) cell lines that we have characterized in depth in gene copy number, gene expression, and mutation space (19) . This panel yielded robust genomic predictors for several preclinical and clinical compounds. Here, we asked whether chemical perturbation of this panel with both PI3K and MEK inhibitors might help to systematically reveal downstream dependencies on these pathways as a function of genetic lesions.
Results
Dissecting PI3K Signaling Pathway Dependency in Cancer. As a first step in determining the role of PI3K signaling in NSCLC, we screened our cell line panel against the dual specific PI3K/mTOR inhibitor PI-103 (20) (21) (22) (23) . We found PI-103 to be active in nanomolar range against the majority of our cell lines (Fig. S1 A) (17) . Growth-inhibitory activity of PI-103 was largely independent of the mutational status of EGFR, PTEN, and PIK3CA; all of these lesions are known activators of PI3K signaling (24) . When applying different prediction models using all significant lesions found in our cell line panel, no robust predictor could be determined (Fig. S1 A) .
We reasoned that cell lines with a dependency on PI3K signaling predominantly undergo apoptosis on inhibition of PI3K, and therefore, systematically screened our cell line panel for induction of apoptosis after treatment with 0.5 M of PI-103 (Fig. 1A) and with 1 M of PI-103 ( Fig. S2 and Table S1 ). We found that in a fraction of cell lines (n ϭ 10; apoptosis rate Ͼ18%), dual inhibition of PI3K and mTOR robustly induced apoptotic cell death (Fig. 1 A) (Fig. 1 A) , suggesting a key role of PI3K signaling in transmitting survival signals downstream of mutant RTKs in these cells. When grouping these different genotypes to a subclass of RTK-dependent tumors, we could now robustly predict PI3K dependency in our cell line panel (P ϭ 0.0229) (Fig. 1 A; Fig. S1B ). By contrast, activating mutations in the RAS/RAF pathway (RAS, KRAS mut , NRAS mut , and BRAF mut ) were predominantly found in cell lines resistant to PI3K inhibition; thus, suggesting that RAS signaling-dependent tumors are not susceptible to inhibition of PI3K (10) . We confirmed primary dependency on the genetically activated ''upstream'' RTK by demonstrating exquisite sensitivity of the respective cell lines to selective inhibitors targeting the respective activated kinase (19) .
Activity of PI-103 could be linked to inhibition of the PI3K/Akt pathway, because ectopic expression of a constitutively active allele of Akt [myristoylated (Myr)-Akt] rescued cells from PI-103- induced apoptosis (Fig. S3) . Also, hierarchical clustering of the activity of compounds with enhanced selectivity against the different isoforms of PI3K, as well as of the mTOR inhibitor rapamycin across all of the cell lines validated p110␣ as the critical target of PI-103 ( Fig. S4 A and B) (25, 26) . Also, these experiments revealed a high degree of synergy between PI3K and mTOR inhibition, as previously reported (Fig. S4C) (26) .
In sensitive cells, PI-103 induced sustained suppression of phosphorylated (p-)Akt at submicromolar concentrations ( Fig. 1B; Fig.  S3 ). In resistant cells, p-Akt levels were also extinguished, but returned to almost baseline levels after 24-48 h of treatment. By contrast, in all cell lines tested, levels of p-ERK were either induced or failed to be reduced by PI-103 treatment ( Fig. 1B; Fig. S3 ), presumably due to release of negative feedback loops (15) (16) (17) . Thus, although RTK-driven cancers exhibit a therapeutically exploitable dependency on PI3K signaling, treatment-induced activation of the MAPK signaling pathway may limit the overall activity of single-agent PI3K inhibition.
We next transplanted a series of cell lines of different tumor types onto nude mice (SI Methods) and treated the mice with GDC-0941, a pharmalog of PI-103 with superior pharmacokinetic properties (27) . The panel studied in vivo comprised cell lines derived from EGFR-mutant lung cancer, MET-amplified gastric cancer, and FGFR2-mutant endometrial cancer. Tumor growth was halted when treated with 150 mg/kg of GDC-0941, and resulted in tumor shrinkage in the case of the MET-amplified gastric cancer cell line MKN45 and the EGFR-mutant lung cancer cell line HCC827, in the latter case even when only 75 mg/kg of GDC-0941 were administered (Fig. 1C) . Tumor growth inhibition was paralleled by decreased phosphorylation of AKT, as evidenced by immunohistochemical analysis of explanted tumors (Fig. S5) . Remarkably, even the growth of tumors expressing the T790M resistance mutation of EGFR was inhibited by single-agent treatment with GDC-0941 (H1975; Fig. 1C Upper Right) . By contrast, mice receiving placebo exhibited massive growth of all tumors (Fig. 1C) . We next assessed the efficacy of GDC-0941 in two transgenic mouse models of RTK-driven NSCLC. In one model (28), lung cancer is driven by inducible expression of the insertion mutation YVMA of ERBB2 (Her2/neu). In the other model (29) , lung-specific induction of the double-mutant EGFR L858R/T790M (LTM) leads to erlotinib-resistant lung cancer growth in mice. In the ERBB2 YVMA mice, treatment with 150 mg/kg of GDC-0941 led to pronounced tumor shrinkage, whereas the lower dose (75 mg/kg) induced inhibition of tumor growth compatible with stable disease ( Fig. 1D; Fig. S6A ). In the LTM mice, 150 mg/kg of GDC-0941 halted tumor growth in four out of five mice, compatible with stable disease (Fig. S6B) . These findings validate PI3K signaling as the predominant downstream signaling pathway regulating survival in RTK-driven cancers. However, in some cases, tumor growth was only stopped, compatible with release of negative feedback loops limiting the single agent activity of PI3K inhibition.
Dissecting MAPK Dependency in Cancer. To identify MAPK signaling dependency in NSCLC, we systematically screened our cell line panel for apoptosis induction after treatment with the potent and selective MEK1/2 inhibitor PD0325901 at clinically achievable doses of 0.25 M (Fig. S7 ) and 0.1 M (Fig. S2 and Table S1 ) (30) . Due to its high potency and selectivity, the MEK inhibitor PD0325901 was used to interrogate the MAPK pathway. This analysis indicated enrichment of cell lines with RAS pathway mutations among the top scoring cell lines displaying robust induction of apoptosis (P ϭ 0.0165) (Fig. S7) . We next grouped the cells according to their genotype and the fraction of apoptotic cells after treatment with PD0325901 and observed an enrichment of cells with MAPK lesions among the top scoring cell lines (P ϭ 0.0437) (Fig. 2A) . Interestingly, BRAF-and NRAS-mutant cells were predominantly found among the top 10 sensitive cell lines, but did not reach statistical significance due to the low prevalence of BRAFand NRAS-mutations in our cell line panel (BRAF mut , 6%; NRAS mut , 5%). Again, treatment with an inhibitor of a single downstream pathway, PD0325901, led to induction of the other signaling pathway: p-Akt was induced both in highly sensitive and cells of limited sensitivity (Fig. 2B) . Thus, our findings confirm and extend previ- (Fig. 4 D and E) . The mean tumor volumes (y axis) are plotted over time (x axis).
ous observations of predominant engagement of MAPK signaling by RAS-/RAF-mutant cancers (9, 31). However, release of negative feedback loops is likely to limit the overall efficacy of single-agent therapeutic MEK inhibition.
We next transplanted two KRAS-mutated cell lines onto nude mice and treated the mice with either GDC-0941 or PD0325901. Consistent with our in vitro results, H2122 tumor growth was not suppressed when mice where treated with the PI3K inhibitor at the maximal tolerated dose (MTD) of 150 mg/kg (Fig. 2C) . However, tumor growth was inhibited when mice were treated with the MTD of 25 mg/kg of the MEK inhibitor PD0325901 (Fig. 2C) . Similar results were obtained with A549 xenografts treated with lower doses of both inhibitors (Fig. 2D) and with other dosing schedules as well (Fig. 4 D and E) . These findings support the notion that MAPK signaling is the predominant downstream signaling pathway regulating survival in cancers with activating mutations in the RAS/RAF-pathway. The effect of MAPK signaling inhibition is compatible with stable disease, and thus again, reactivation of the PI3K signaling might limit the single agent activity of MEK inhibition.
Enhanced Cell Killing by Dual PI3K and MAPK Blockade as a Function
of Genetic Lesions. Biochemical analyses of response to both PI3K and MEK inhibition had shown that both inhibitors lead to induction of the alternate signaling pathway, presumably by release of negative feedback loops (Figs. 1 and 2) (15-17) . We hypothesized that dual blockade of both pathways might be able to suppress release of these negative feedback loops and, thus, induce apoptosis more potently. Given the experimental and analytical challenges in performing high-throughput combination compound screens, we performed a previously underscribed algorithm to define synergy of two compounds. Thus, synergy strength can be deduced as the difference of experimental data from a null model separating synergy from antagonism. For this analysis, we used growth inhibition measurements obtained in high-throughput cellular screens with both compounds and the combination profiled across the cell line panel at different concentrations (SI Methods). Clustering of cell lines according to the strength of synergy revealed that cell lines with RAS-pathway mutations exhibited the highest synergy score (Fig. 3A) . By contrast, the combination index (32, 33) method yielded incomplete results (Fig. S8) To test whether this observation made in growth-inhibition assays could be extended to apoptosis assays, we determined the fraction of apoptotic cells after combined treatment with PI103 (500 nM) and PD0325901 (250 nM). As expected, inhibition of both pathways resulted in increased apoptosis in virtually all cell lines analyzed (Fig. 3B) . To analyze the combined effect of PI3K and MEK inhibition as a function of genotypes, we separated the defined subgroups of cell lines in our panel that are defined by either RTK lesions or lesions affecting the RAS-/RAF-signaling pathway and compared the average rate of induction of apoptosis of the different treatment regimens (Fig. 3C ). We observed a significant increase of apoptosis after combined treatment when compared with either single inhibition of MEK (n ϭ 37; P ϭ 0.003) or single inhibition of PI3K (n ϭ 37; P ϭ 2.4*10 Ϫ5 ) in the RAS-mutation subgroup (Fig. 3C) . In the subgroup of cells with RTK lesions, combined inhibition of both pathways was also significantly superior to single inhibition of MEK (P ϭ 0.0044) and PI3K, although the latter comparison did not reach significance (P ϭ 0.188). This result confirmed our observation obtained using our synergy score approach (Fig. 3A) . We sought to recapitulate this finding in an independent cell line panel (Table S2 ) of tumors of various histologies harboring lesions in RTK and RAS pathways (n ϭ 15). We again found that cell lines with RTK lesions primarily depended on PI3K signaling and cell lines with RAS-mutations were predominantly driven by MAPK signaling (Fig. S9) . Again, the combined inhibition of both pathways was superior to single agent inhibition in both genotypes (Fig. S9) . Thus, combined inhibition of PI3K and MAPK signaling induces enhanced cell killing in cancers driven by genetic lesions in RTKs and RAS/RAF oncoproteins. However, synergy was more pronounced in RAS/RAF-mutant tumors. 
Suppression of Feedback Loop-Mediated Pathway Reactivation by
Combined Blockade of MAPK and PI3K Pathways. We hypothesized that enhanced cell killing by dual pathway inhibition (Fig. 3) might be due to suppression of release of negative feedback loops and analyzed the impact of these combinations on pathway activation. Biochemical analyses of response indicated that although the dual PI3K/mTOR inhibitor, PI-103, the p110␣ inhibitor, PIK-90, the mTOR inhibitor, rapamycin, and the MEK inhibitor, PD0325901, all led to inhibition of signaling downstream of the respective targets, all of these inhibitors led to induction of at least one signaling mediator in the alternate pathway (Fig. 4 A and B) . By contrast, combined blockade of both PI3K and MAPK signaling potently suppressed activation of the other pathway in all cell lines tested (Fig. 4 A and B) . Thus, combined inhibition of both PI3K and MAPK signaling pathways can suppress feedback loop-induced activation of other oncogenic signaling pathways, resulting in more potent induction of apoptosis.
Last, we transplanted the FGFR2-mutant cell line AN3CA into nude mice. Although single-agent treatment with the MEK inhibitor PD0325901 had no impact on tumor growth and the treatment with the PI3K inhibitor GDC-0941 halted tumor growth (Fig. 1C) , only the combination of both compounds led to robust tumor shrinkage (Fig. 4C) . We next analyzed the KRAS-mutant cell line H2122. As expected, only the combination treatment and not single-agent treatment led to significant tumor size reduction in vivo (Fig. 4D) . Also, an alternating schedule where both the MEK inhibitor PD0325901 and the PI3K inhibitor GDC-0941 were administered at their MTD every fourth day was similarly effective (Fig. 4E) , potentially being more tolerable.
Discussion
A critical determinant for the success of molecularly targeted drugs will be to identify those tumors that are connected with a therapeutically amenable dependency and to define the optimal therapeutic strategy for treating these tumors. Here, we applied a chemo-genomics approach to link dependency on the PI3K and MAPK pathways to subsets of genomic aberrations in cancer using an NSCLC, as well as non-NSCLC cell line model. Notably, we found RTK-driven tumors to largely depend on PI3K and RAS-/ RAF-driven tumors to be addicted to the MAPK signaling pathways, respectively. However, in all settings tested, release of negative feedback loops led to activation of the alternate pathway. Similar to recent studies in breast cancer (14) , combined inhibition of both pathways potently suppressed release of negative feedback loops; thereby, resulting in enhanced induction of apoptosis in tumor cells and tumor shrinkage in vivo. Thus, patients whose tumors harbor genomic aberrations in RTKs or any of the RAS-/ RAF-oncogenes might benefit from treatment with a combination of a PI3K inhibitor and a MEK inhibitor.
It has been generally assumed that the engagement of both the MAPK and PI3K pathways by mutant RTKs is essential (1, 34) . Our results, by contrast, suggest that the primary downstream depen- dency of such tumors is on the PI3K pathway, whereas activation of the MAPK pathway may primarily be the result of inhibition of the PI3K pathway. This finding might be of particular interest for treatment of patients whose RTK-driven cancer has acquired secondary resistance after an initial response (e.g., EGFR-mutant lung cancer treated with EGFR inhibitors). In these tumors, secondary resistance mechanisms arise that either abrogate the binding of the kinase inhibitor (35, 36) , or that substitute the primary signaling input by activation of additional kinases that reactivate the same downstream pathway (12, 37, 38) . Notably, we found H1975 cells that express the T790M resistance mutation of EGFR to be sensitive to PI3K inhibition. Similarly, HCC827 GR cells (12) that acquired EGFR inhibitor resistance by amplification of MET retained the high sensitivity to PI3K inhibition of the parental HCC827 cell line. Thus, the primary signaling dependency encoded by an activated mutation in a receptor tyrosine kinase remains exploitable by PI3K inhibition alone, or better, in combination with a MAPK pathway inhibitor.
BRAF-mutant tumors were found in previous studies to be addicted to downstream activation of MEK (9) . Our findings corroborate these observations; however, they further indicate that these and RAS-mutant tumors exhibit the highest degree of susceptibility to combined PI3K/MAPK pathway inhibition. Thus, as is the case with RTK-driven tumors, suppression of feedbackmediated PI3K activation is still synergistic, even in the case of a direct downstream dependency. We further found NRAS-mutant NSCLC tumors to be exquisitely sensitive to MEK inhibition; thereby, adding these genotypes to the growing list of genetic lesions that might be amenable to specific therapeutic intervention (13) .
Of note, we found that intermittent administration of a combination of a MEK inhibitor and a PI3K inhibitor at their respective MTD was similarly effective as the daily administration at lower doses. This observation suggests that noncontinuous, but potent inhibition of these pathways might be sufficient for tumor growth inhibition, a finding reminiscent of BCR-ABL inhibition in chronic myeloid leukemia (39) . Thus, rather than administering continuously lower doses of inhibitors targeting downstream signaling pathways, intermittent high dosing of such drug combinations might be better tolerated and allow for more potent target inhibition, induction of apoptosis, and tumor control.
In summary, we have defined the role of PI3K and MAPK signaling in genetically defined cancers, and provide strong evidence that combined inhibition of both pathways might be clinically beneficial. More broadly, our chemical-genomics approach may be useful for the study of novel therapeutics and might help to direct future drug development and patient stratification in clinical trials.
Materials and Methods
The cell line panel described previously (19) was used for cell-based screening against various inhibitors using CellTiterGlo as a growth inhibition assay or using Annexin-V and propidium iodide staining of cells as a measure of apoptosis. The accuracy of the measurement of apoptosis was assessed in nine representative cell lines (Fig. S10) . Cell-based screening was performed as described (19) . This cell line panel has been shown to represent the distribution of genetic aberrations present in primary lung tumors (19) . Other cell lines representing additional non-NSCLC tumor types were included to test whether observations were general features of tumors with the respective genotypes. Calculation of the P values was performed using a two-tailed t test implemented in ''R'' and, where appropriate, corrected for testing of multiple hypotheses. Pharmacodynamic response of signaling was measured by immunoblotting of cellular lysates of treated cells using phospho-specific antibodies. Mouse experiments were performed under approval of the respective animal care review board. Mice were treated with inhibitors by oral gavage using the indicated doses and schedules. Tumor size was determined by magnetic-resonance imaging in the case of transgenic mice and by measuring diameters using a caliper in the case of xenografts. After treatment, mice were killed and tumors were explanted and, in some instances, subjected to immunohistochemical staining of markers of response. For more details, see SI Methods.
